Abstract Plant pathogenic fungi of the genus Fusarium can cause severe diseases on small grain cereals and maize. The contamination of harvested grain with Fusarium mycotoxins is a threat to human and animal health. In wheat production of the toxin deoxynivalenol (DON), which inhibits eukaryotic protein biosynthesis, is a virulence factor of Fusarium, and resistance against DON is considered to be part of Fusarium resistance. Previously, single amino acid changes in RPL3 (ribosomal protein L3) conferring DON resistance have been described in yeast. The goal of this work was to characterize the RPL3 gene family from wheat and to investigate the potential role of naturally existing RPL3 alleles in DON resistance by comparing Fusarium-resistant and susceptible cultivars. The gene family consists of three homoeologous alleles of both RPL3A and RPL3B, which are located on chromosomes 4A
Introduction
Some of the most important diseases of cereals are caused by pathogenic fungi of the genus Fusarium. Fusarium head blight (FHB) of wheat, mainly caused by F. graminearum and F. culmorum, results not only in yield reduction, but most importantly leads to contamination of the grain with large amounts of mycotoxins (Parry et al. 1995) . The most prevalent toxins are trichothecenes, a highly diverse group of sesquiterpenoid epoxides that act as potent inhibitors of eukaryotic protein biosynthesis (Barbacid and Vazquez 1974; CundliVe and Davies 1977) . In Europe and North America, the type B trichothecene deoxynivalenol (DON) is predominant. Because of the severe health eVects of Fusarium mycotoxins, EU-wide regulatory measures for mycotoxin content in cereal products were established in (Commision Regulation No. 856/2005 . The maximum level of DON in cereal-based food was set to 500 and 200 g/kg in young-children and baby food. These measures, applying from July 2006, also prohibit mixing with uncontaminated material or detoxiWcation by chemical treatment. In years with Fusarium epidemics, however, grain may be contaminated with mycotoxin levels exceeding these limits and large portions of the harvest cannot be used for human consumption. Fusarium epidemics often result in yield losses with severe economic impact (McMullen et al. 1997; Pieters et al. 2002) . As chemical control of Fusarium infections is ineVective, the development of resistant cultivars by classical breeding or genetic engineering is the most promising strategy to avoid FHB epidemics and thereby reduce the mycotoxin content of grain.
During the development of FHB, DON is considered to play an important role as a virulence factor (McCormick 2003) . Fusarium mutants with a disruption in the trichodiene synthase gene TRI5 (essential for trichothecene biosynthesis) are still pathogenic but exhibit strongly reduced virulence (Desjardins et al. 1996) , probably due to their inability to spread from the infection site (Bai et al. 2002) . Immunocytochemical localization of DON in wheat spikes infected with F. culmorum has shown that the toxin is transmitted ahead of the fungus, suggesting a possible role in conditioning host tissue for colonization (Kang and Buchenauer 1999) . Resistance against DON is therefore considered to be an important component of the complex and polygenic resistance against FHB.
In yeast (Saccharomyces cerevisiae), several resistance mechanisms against trichothecenes are known. One of them is alteration of the mycotoxin target site, which is the ribosomal protein L3 (RPL3 according to the nomenclature of Mager et al. 1997 ), located at the peptidyltransferase center. In a mutant screen for trichodermin resistance in yeast, a semidominant allele of RPL3 was identiWed (TCM1; Fried and Warner 1981; Schultz and Friesen 1983) . It diVers from wild type in a single nucleotide alteration leading to a change from tryptophan to cysteine at position 255 (RPL3 W255C ; Harris and Gleddie 2001; Mitterbauer et al. 2004) . Cells carrying only RPL3 W255C are viable but show growth retardation, and in a heterozygous RPL3/RPL3 W255C strain the mutant protein can only be detected in DON-treated cells (Mitterbauer et al. 2004) . Transgenic tobacco transformed with a modiWed allele from tomato (LeRPL3 W258C ) only showed moderate resistance when slowly adapted to increasing amounts of DON. As in yeast, the RPL3 W258C allele was again utilized in a toxin-dependent manner (Mitterbauer et al. 2004) .
In wheat, evidence for cultivar-speciWc ribosomal resistance was claimed by Miller and Ewen (1997) , who performed studies with ribosome preparations from an FHB susceptible cultivar and the resistant cultivar 'Frontana'. Previously, 'Frontana' was reported to tolerate and degrade higher DON-levels than other genotypes (Miller and Arnison 1986) . The authors suggested that target site alteration, such as a mutated RPL3, could possibly be an explanation for their Wndings.
To investigate if naturally existing RPL3 genes show sequence diversity that might lead to DON resistance, we cloned and sequenced the whole gene family from 'Frontana' and two other wheat cultivars. Like other ribosomal proteins, RPL3 is highly conserved in all eukaryotic organisms. While RPL3 is encoded by a single gene in yeast, two paralogous genes are found in higher plants such as Arabidopsis (Barakat et al. 2001) and rice (Nishi et al. 1993; Mitterbauer 2001) . Owing to hexaploidy, six RPL3 genes were therefore expected to be found in Triticum aestivum: three homoeologous versions of both paralogs, RPL3-A and RPL3-B. Three diVerent wheat cultivars were chosen for this study: 'Remus', agronomically well adapted for cultivation in central Europe but highly susceptible to FHB, and 'CM-82036' as well as 'Frontana', showing diVerent types of FHB resistance. 'Frontana' shows a very complex resistance pattern that predominantly acts against fungal penetration, but also passive resistance associated with morphological features was found (Steiner et al. 2004 ). On the other hand 'CM-82036' shows a very high level of resistance to fungal penetration and spread within the plants (Buerstmayr et al. 2002 (Buerstmayr et al. , 2003 . It has been shown that a major quantitative trait locus (QTL) for FHB resistance is linked to detoxiWcation of DON by glycosylation in CM-82036 (Lemmens et al. 2005) .
A comparison of genomic RPL3 sequences from the wheat cultivars 'Remus', 'Frontana' and 'CM-82036' is presented here. Three cultivar speciWc single nucleotide polymorphisms (SNPs) were identiWed and used to develop molecular markers. The corresponding genes were mapped by applying the SNP markers to mapping populations, which have been generated before for the identiWcation of FHB-resistance QTLs in 'CM-82036' and 'Frontana' (Buerstmayr et al. 2002 (Buerstmayr et al. , 2003 Steiner et al. 2004 ). Mapping of the RPL3 genes relative to previously mapped FHB resistance QTL should allow conclusions whether or not RPL3 could be involved in active FHB resistance in wheat. Additionally, single strand conformational polymorphism (SSCP) analysis was used to determine the chromosomal origin for each of the six RPL3 alleles by comparison with nullisomicditelosomic lines of the cultivar 'Chinese Spring'.
Materials and methods

Cloning of TaRPL3
All six TaRPL3 genes from wheat cultivars 'Remus', 'Frontana' and 'CM-82036' were cloned by PCR using gene-speciWc primers (see Table 1 ) and the TripleMaster ® PCR System (Eppendorf). Genomic DNA was isolated from young leaves using the cetyltrimethylammonium bromide extraction method described by Hoisington et al. (1994) . Primers for the ampliWcation of RPL3 were designed using EST data available in Genbank. 353 ESTs were identiWed as TaRPL3 sequences and assigned into 6 contigs. The contigs were submitted to Genbank's third party annotation (TPA) database. The accession numbers are BK001238, TaRPL3A-1; BK001236, TaRPL3A-2; BK001237, TaRPL3A-3; BK001235, TaRPL3B-1; BK001234, TaRPL3B-2 and BK001233, TaRPL3B-3. To increase the speciWcity during PCR a touchdown program was applied (35 cycles of decreasing annealing temperature: 65, 63, 61, 59, 58, 57 and 56°C, three M15, lacX74, deoR, recA1, endA1, araD139, (ara, leu) 7697, galU, galK, ¡ , rpsL, nupG] was used for the propagation of plasmids. On the basis of ESTs, restriction fragment length polymorphism (RFLP) assays were developed for the RPL3-A and -B genes, which allow the single homoeologous genes to be distinguished by restriction enzyme digestion. The digestion of the TaRPL3-A genes with the enzymes Eco72I and Eco147I and of the TaRPL3-B genes with NcoI and StuI resulted in a homoeolog-speciWc pattern of fragments (results not shown). These RFLPs could be used for the genomic clones as well. The identity of the fragments was conWrmed by sequencing and cloning of all TaRPL3 genes was independently repeated to exclude sequencing errors and verify SNPs.
Rapid ampliWcation of 5Ј and 3Ј cDNA ends (RACE) For analysis of the untranslated regions (UTRs) by RACE, cultivar 'Frontana' was chosen. RACE was done with the SMART TM RACE cDNA AmpliWcation Kit (Clontech) according to the manufacturer's instructions. Gene speciWc primers were GSP1A (5Ј-GTA GCC ATA GTC AAC CTT GTC TGC GAT G-3Ј) and GSP1B (5Ј-CCA TTG ATC TGG ATC TCC ATG AGG TGA G-3Ј) for 5Ј RACE of TaRPL3-A and -B genes, respectively and GSP2A (5Ј-CGC ACT CTC AAC TCT GTC TGG GCT C-3Ј) and GSP2B (5Ј-GTC TGG GCA CAG CAT CTC AGC GAA G-3Ј) for 3Ј RACE of TaRPL3-A and -B genes, respectively. PCR reactions were done with the Advantage ® 2 PCR Enzyme System (Clontech) and products were cloned into the TA cloning vector pCR4 ® -TOPO ® (TOPO TA Cloning ® Kit for Sequencing, Invitrogen). Ten to Wfteen transformants of each reaction were sequenced.
Sequencing and sequence analysis
Sequencing of the TaRPL3 genes was partly performed by the company Agowa, Berlin, or done using the DYEnamic ET Terminator Cycle Sequencing Kit (Amersham Biosciences) and the ABI Prism 3100 Genetic Analyzer (Applied Biosystems). At least two clones from independent PCR reactions were sequenced. Sequence analysis was done with DNAS-TAR Lasergene software (SeqManII, EditSeq, MegAlign, MapDraw; Version 5.00) and GENEDOC (Multiple Sequence Alignment Editor & Shading Utility Version 2.5.000; Nicholas and Nicholas 1997) .
SNP detection and mapping
The ABI Prism ® SNaPshot™ Multiplex Kit (Applied Biosystems) was used for SNP detection in TaRPL3-A2, -A3 and -B2. Homoeolog-speciWc primers (see Table 2 ) were designed to amplify fragments of 500-700 bp containing the SNPs from the cultivars 'Remus', 'Frontana' and 'CM-82036'. In addition, 116 and 120 lines from the doubled haploid mapping populations of 'Remus' £ 'Frontana' (Steiner et al. 2004 ) and 'Remus' £ 'CM-82036' (Buerstmayr et al. 2002) , respectively, were also assayed. The resulting PCR fragments (15 l) were puriWed by incubation with 5 U of Shrimp Alkaline Phosphatase (Fermentas) and 2 U of ExoI (Fermentas) for 1 h at 37°C, the enzymes were then inactivated at 75°C for 15 min. Primers were designed for the three SNPs found in Remus TaRPL3-A2 and -B2 and CM-82036 TaRPL3-A3 (listed in  Table 2 ). SnaPshot reactions were performed according to the manufacturer's instructions. The reactions were puriWed by adding 1 U SAP and incubating for 1 h at 37°C; following inactivation (75°C for 15 min) the reactions were stored at ¡20°C. The samples were run together with the GeneScan-120 LIZ size standard on the ABI PRISM 3100 Genetic Analyzer. For data analysis GeneScan Analysis and Genotyper Software (ABI) were used.
The obtained allele scores of the three polymorphic SNP markers were added to the pre-existing marker data for the CM-82036/Remus mapping population (Buerstmayr et al. 2002 (Buerstmayr et al. , 2003 and/or the Frontana/ Remus population (Steiner et al. 2004 ). The SNP markers were mapped using Mapmaker 3.0b (Lander et al. 1987 ) with the commands 'group', 'order', 'try' and 'ripple'. In addition, the gene TaRPL3-A3 was genetically mapped in a Wne mapping population of 227 F 6 lines segregating for the 5A QTL derived from 1,373 F 2 plants and furthermore physically mapped on several of the Chinese Spring deletion lines (Endo and Gill 1996; Sourdille et al. 2004 ) for chromosome 5A using the same procedures as described above for genetic mapping. In order to map the 5A FHB resistance QTL previously described by Buerstmayr et al. (2003) relative to the TaRPL3-A3 gene, simple and composite interval mapping was applied using plabstat (Utz and Melchinger 1996) . The mean FHB resistance data already used by Buerstmayr et al. (2003) and a similar QTL calculation approach as described therein were used to scan the new chromosome 5A linkage group for the QTL position.
Single strand conformational polymorphisms (SSCP) DNA was extracted from leaves of young seedlings as described (Nicholson et al. 1996) . The SSCP proWles were complex in preliminary experiments using a one step PCR in which portions of the three genes relating to either TaRPL3-A or TaRPL3-B were co-ampliWed. It was not possible to clearly resolve proWles with some primers sets or to detect polymorphisms among varieties (results not shown). For this reason gene-speciWc primers were developed to speciWcally and separately amplify each of the six genes within the RPL3 gene family. Thus, a two-step strategy is employed to identify polymorphisms within each RPL3 gene.
Step 1 is the separate ampliWcation of each of the six RPL3 genes (six primer pairs, see Table 4 ). PCR primers were devised to the six consensus RPL3 cDNA sequences present for the wheat variety 'Recital' within EST databases. DiVerences in sequence were used to design PCR primer sets to speciWcally amplify across the entire coding region of each of the six sequences (see Table 4 ). In order to achieve speciWcity, diVerent touch-down protocols were developed with annealing temperatures as shown in Table 4 . In addition the extension temperature was reduced to 68°C with a 90 s duration. All other conditions were standard.
Step 2 is the ampliWcation of gene fragments suitable for use in SSCP analysis covering the whole coding region using primers shown in Table 4 . SuperTaq Plus (HT Biotech. Ltd. used in the Wrst step of PCR and Taq (Roche) was used in the second step of PCR. PCR products were analyzed by SSCP using Sequa Gel ® MD (National Diagnostics, U.K Ltd) and visualized by silver staining. This process is carried out for each gene separately providing a greatly simpliWed SSCP proWle and each SSCP band could be related to a speciWc chromosomal location by comparison with nullisomic and ditelosomic lines from the variety 'Chinese Spring' (Sears 1954) .
Results
Cloning and sequence analysis of the RPL3 gene family of wheat Our goal was to compare the RPL3 gene family with diVerent wheat cultivars and to Wnd SNPs that could be used for the design of molecular markers. Therefore, we tried to obtain as much sequence information as possible, particularly from non-coding regions that usually show more variability. Primers for the ampliWcation of the RPL3 genes were designed based on EST-data from Genbank. The genes were cloned from the cultivars 'Remus' (susceptible to Fusarium) and 'CM-82036' as well as 'Frontana' (resistant). For sequencing of untranslated regions (UTRs), rapid ampliWcation of cDNA ends (RACE) analysis was performed using cDNA from 'Frontana'.
Analysis of the genomic sequences revealed a high degree of conservation within the paralogous groups; more than 90% sequence identity among TaRPL3-A genes and at least 70% among TaRPL3-B genes were found (see Table 3 ), divergence is present mostly in introns. RACE revealed limited new sequence information compared to EST data for the 5Ј-UTR: the isolated 5Ј-UTRs had a size between 65 and 73 bp showing little diversity within the paralogous groups. As the 3Ј-UTRs were mostly known from EST data, the RACE sequences could be used to conWrm available data. TaRPL3-B3 is the only gene where more 3Ј-UTR sequence information could be obtained by RACE compared to the EST data (25 additional basepairs). The 3Ј-UTR of all six genes are between 170 and 180 bp long. The full sequences of all genes were submitted to the database (Genbank accession numbers: TaRPL3-A1 Frontana: DQ915518, TaRPL3-A2:
Comparison of the genomic TaRPL3 sequences with EST data revealed that the coding sequences of all six TaRPL3 genes are 1,170 bp long, coding for 389 amino acids. The similarity among the sequences at the nucleotide level lies between 88.0 and 98.7% (see Table 3 ). At least 97.3% identity is found in homoeologous sequences. At the amino acid level, identity is more than 98.5% within the TaRPL3-A. The translated products of RPL3-B1 and RPL3-B3 show the same amino acid sequence; -B2 is 99% identical. Many of the nucleotide substitutions are synonymous; more than 80% of all nucleotide substitutions found are located at the third position of the codons. All TaRPL3 genes contain Wve introns with strictly conserved positions (shown in Fig. 1 ). The only variation was found in the Wrst intron. This intron is located in the 5Ј-UTR and starts in the TaRPL3-A genes on position -21 (the starting codon ATG is deWned as position 1-3) and in TaRPL3-B genes on position -15. The length of the introns diVers slightly among the diVerent homoeologous genes but is, as with their positions, strictly conserved among the three analyzed cultivars. A high degree of conservation is evident relative to the rice homologs: intron positions as well as length of exons are identical in rice and wheat. Partial cDNA sequences of OsRPL3A and -B were available from Nishi et al. 1993 and Mitterbauer 2001 (Accession numbers D12630 and AY236158). With the help of 63 EST sequences and 3 genomic rice sequences (AY257863 kindly provided by Steve GoV, Syngenta) full-length cDNA sequences and genomic gene structures could be annotated and submitted to the TPA database of Genbank (Accession numbers are BK001243 and BK001029, OsRPL3A cDNA and genomic sequence; BK001242 and BK001244, OsRPL3B cDNA and genomic sequence). An additional alternatively spliced intron was found in TaRPL3-A2 during RACE analysis. The additional intron starts on position 1050, 32 bp before the stop-codon. It is 85 bp long and leads to a frame-shift in the mRNA coding for a protein that is 12 amino acids longer than the normal TaRPL3-A2 form. This splice variant was observed several times during this study. In general, the exonintron borders are also strictly conserved between wheat and rice, following the GT-AG rule (Breanach and Chambon 1981) : all introns start with GT (mostly GTG or GTA) and stop with CAG, only the alternative intron 6 in TaRPL3-A2 stops with GAC.
The search for sequence diVerences among cultivars that could be used for designing markers revealed only three SNPs. Two of them were found in introns of the susceptible cultivar 'Remus': the Wrst was found in TaRPL3-A2 on position -151 (T ! C) in the Wrst intron and the second in intron 5 of TaRPL3-B2, at position 1818 (G ! T). One SNP in 'CM-82036' is situated in exon 5 of TaRPL3-A3 at the position 1789 (C ! A ), without changing the amino acid sequence. TaRPL3-A1, -B1 and -B3 showed no sequence diVerences among the three cultivars. The complete 5Ј-UTR sequences were available only from the cultivar 'Frontana' (between 22 and 36 bp were missing from the other cultivars, see sequence analysis of UTRs). It was decided not to clone this region from Remus and CM-82036 as there was little chance of Wnding additional SNPs.
Single strand conformational polymorphism (SSCP) analysis
Single strand conformational polymorphisms (SSCPs) were used to determine the genetic location of individual RPL3 genes and identify alleles of these genes in wheat varieties. The complete set of nulli-tetra lines of 'Chinese Spring' wheat were used to demonstrate that the six copies of RPL3 are present on chromosomes 4A (RPL3-B2), 4B (RPL3-B1), 4D (RPL3-B3), 5A (RPL3-A3), 5B (RPL3-A2) and 5D (RPL3-A1). The Wrst PCR for speciWc ampliWcation of individual genes required considerable Wne-tuning by adjusting the touchdown conditions. Using the conditions shown in Table 4 gene-speciWc ampliWcation was achieved for all six genes (see Fig. 2 
as example for group TaRPL3-B).
Both one-step and two-step assays were used to examine a wide range of wheat genotypes to detect allelic variants of these genes. Studies of a large number of varieties (data not shown) revealed only two, namely, 'Roblin' (moderately susceptible) and 'Hope' (moderately resistant) to diVer from the other varieties for two nucleotides within the TaRPL3-B1 gene on chromosome 4B (see Fig. 2 ). These diVerences do not aVect the protein sequence: one is within an intron (at Fig. 1 Exon-intron structure of TaRPL3. Intron 6 can only be found in alternatively spliced versions of TaRPL3-A2 nucleotide 1126, T is replaced by G) and the other conferred no change in the amino acid sequence (at nucleotide 1329, T is replaced by C). SSCP analysis with ditelosomic lines 4BS and 4BL showed that the TaRPL3-B1 is located on the short arm of chromosome 4B. No additional variants for any of the RPL3 genes were detected, indicating that they have identical RPL3 genes, whether they are resistant or susceptible to FHB.
This technique was also used to conWrm the single nucleotide substitution in 'CM-82036' relative to 'Remus' (results not shown), hence validating this approach for the identiWcation of cryptic, anonymous mutations in candidate FHB resistance genes when present as small gene families on each of the homoeologous chromosomes.
TaRPL3-A3 maps close to a QTL for FHB resistance
The three SNPs found in 'Remus' and 'CM-82036' were used as molecular markers for mapping these genes. The ABI Prism ® SNaPshot™ Multiplex Kit (Applied Biosystems) was used for SNP detection in TaRPL3-A2, -A3 and -B2. A homoeolog-speciWc nested PCR was performed to amplify a »500 bp long region from genomic DNA, covering the SNP, that could be used as template for the SNaPshot reaction. Primers were designed that bind immediately before the SNPs and carry a 13 bp unspeciWc 5Ј-overhang to produce fragments of reasonable length (primers are listed in Table 2 ). During the SNaPshot reaction, these primers bind to the PCR fragments generated before and are extended with the corresponding ddNTP according to Table 4 PCR primers used to amplify the individual RPL3 homoeologues (step 1) and segments thereof (step 2) from group 4 (GRPB) and group 5 (GRPA) of wheat Primers for SSCP analysis, step 1 Locus Homoeolog ID Sequence T 1 (°C) T 2 (°C) T 3 (°C)   4A  B2  R3GRPB34F  5Ј  CGC CGC CTC CAC CT  3Ј  67  65  63  RPL3GRPB2  5Ј  TGA TAC AAC TGA TGA TGC GGG  3Ј  4B  B1  R3GRPB34FL  5Ј  TAA CTG ATG ATG CGC GGC G  3Ј  64  66  68  RPL3B3L  5Ј  TAA CTG ATG ATG CGC GGC G  3Ј  4D  B3  R3GRPB34F  5Ј  CGC CGC CTC CAC CT  3Ј  61  63  65  RPL3B1L  5Ј  TAA CTG ATG ATG CGC AGC AAC  3Ј  5A  A3  R3GRPA33F  5Ј  CCG TCC GCT CTA CCC C  3Ј  57  59  61  RPL3GRPA2  5Ј  CAA TTG CAA TGC ATA AAC A  R3GRPA33F  5Ј  CCG TCC GCT CTA CCC C  3Ј  R3GRPA535R  5Ј  ATT CCA GCC TTG TAG CCC AG  3Ј  R3GRPA483F  5Ј  GAC CAA CAG AAG CCT TGC C  3Ј  R3GRPA999R  5Ј  GAG CCC AGA CAG AGT TGA GAG T  3Ј  R3GRPA882F  5Ј  GAA GGA AAC CTG TGA GGC TGT  3Ј  R3GRPA1128R  5Ј  AGC TGC AAC TGG ATT TCC TTC  3Ј  R3GRPA1063F  5Ј  GCG TTC ACA AAG TAT GCC CTC  3Ј  R3GRPA1889R  5Ј  GGT AAC ACT ATG GGA TAA GAT CTG TCG  3Ј  R3GRPA1418F  5Ј  CAC AGG GGT CTC CGA AAG  3Ј  A and B  R3GRPAB1500R  5Ј  TCT GAC CAG CAC GAG CA  3Ј  B  R3GRPB34F  5Ј  CGC CGC CTC CAC CT  3Ј  R3GRPB526R  5Ј  TTG TAG CCA AGG AAG GCA GT  3Ј  R3GRPB478F  5Ј  GAG ATG ACC AAT CCA AGA AAT GC  3Ј  R3GRPB978R  5Ј  GTA CGA AGG CCA CGA GGA G  3Ј  R3GRPB920F  5Ј  CCC CGA TTG TTA TTG TTG GA  3Ј  R3GRPB1411R  5Ј  CGG GGA AGA CGG GTG  3Ј  R3GRPB1215F  5Ј  GCT CAC CTC ATG GAG ATC CAG AT  3Ј  R3GRPB1852R  5Ј  CTT GAG CTT GCC GTA GAA C  3Ј  R3GRPB1364F  5Ј  GGG TTA CGA AGG TGT TGT GAC  3Ј the SNP. ddNTPs in the reaction premix are Xourescently labeled with four diVerent colors. During the reaction fragments of about 30 bp size and labeled with one color depending on the SNP were produced. After puriWcation these fragments were loaded on the ABI Prism 3100 capillary sequencer for analysis. Raw data were analyzed with Genescan and Genotyper software from the ABI prism package. The markers were applied on two diVerent doubled haploid mapping populations derived from crosses between the susceptible cultivar Remus and the resistant cultivars Frontana and CM-82036 (Buerstmayr et al. 2002 (Buerstmayr et al. , 2003 Steiner et al. 2004) . The reactions were performed with primer sets for all three SNPs separately as the high similarity and presence of six homoeologs did not allow multiplexing. TaRPL3-A2 was mapped to chromosome 5B, TaR-PL3-A3 to chromosome 5A and TaRPL3-B2 to chromosome 4A. The marker for TaRPL3-A2 co-segregated with a RFLP-marker in an XbaI site outside the coding sequence previously found in the mapping project (unpublished results). While TaRPL3-A2 and TaRPL3-B2 did not show any association with FHB resistance, TaRPL3-A3 mapped close to the QTL Qfhs.ifa-5A derived from the FHB resistant line 'CM-82036' (Buerstmayr et al. 2003) . Therefore, the SNP marker for this locus was also applied to a Wnemapping population containing 227 lines to Wnd out if this gene is part of the QTL or just linked to it. TaRPL3-A3 co-segregated with the 5A microsatellite marker Xgwm129, and was tightly linked (0.1 cM) to the SSR markers Xgwm293 and Xgwm304a (Roeder et al. 1998 ) on one side and to the SSR markers Xbarc1 and Xbarc180 (0.2-0.5 cM) (Song et al. 2005) on the other side as illustrated in Fig. 3 . Using the Chinese Spring deletion lines for chromosome 5A (Endo and Gill 1996, Sourdille et al. 2004) , the gene TaRPL3-A3 and the marker Xgwm129 were placed in the deletion bin C-5AS1-0.40. Xgwm293 and Xgwm304a were placed in the deletion bin 5AS1-0.40-0.97, but Xbarc1 and Xbarc180 appeared in the deletion bin C-5AL15-0.37. Thus, TaRPL3-A3 mapped to a region with suppressed recombination around the QTL which extended over a large region on both arms of chromosome 5A. Owing to the suppressed recombination, the exact position of TaRPL3-A3 relative to the QTL on chromosome 5A could not be determined and therefore this gene cannot be excluded as a candidate resistance gene.
Discussion
Mutations in ribosomal protein L3 have been shown to confer resistance against trichothecenes in yeast (Fried and Warner 1981; Schultz and Friesen 1983; Mitterbauer Step 1 ampliWcation of RPL3 from group 4 and group 5 nullisomic lines of Chinese Spring and the euploid Chinese Spring using group 4 speciWc PCR primer sets. M marker; 4A nullisomic 4A; 4B nullisomic 4B; 4D nullisomic 4D; 5A nullisomic 5A; 5B nullisomic 5B; 5D nullisomic 5D; CS Chinese Spring euploid. (a primer set R3GRPB34F/RPL3GRPB2; b primer set R3GRPB34FL/RPL3B3L; c primer set R3GRPB34F/RPL3B 1L). d SSCP of RPL3-B gene fragments for the region between nucleotides 920 and 1411 (ampliWed using primer pairs R3GRPB920F and R3GRPB1411R et al. 2004) . Several diVerent single point mutations in the yeast gene were found that lead to resistance against DON, indicating that only little sequence deviation is necessary to protect against the toxin. Since a previous study indicated that ribosomal trichothecene resistance may also occur in wheat Miller and Ewen (1997) , we characterized the sequence of the six wheat genes encoding RPL3 and searched for sequence diVerences. Two SNPs were found in 'Remus' and one in 'CM-82036', but none of them leads to an amino acid alteration. Likewise, no diVerences in RPL3 leading to an alteration at the protein level could be found using SSCP analysis in other cultivars. We therefore can rule out the simple hypothesis that an allelic RPL3 protein causes diVerences between cultivars in toxin resistance and consequently Fusarium resistance.
The three cultivar-speciWc SNPs found in the RPL3 gene family during this study were used for the design of molecular markers that were applied on a doubled haploid mapping population to map these genes. While the RPL3 loci on 4B and 5B genes did not show any association with FHB resistance, TaRPL3-A3 mapped near the resistance QTL Qfhs.ifa-5A derived from the line 'CM-82036' (Buerstmayr et al. 2003 ). This marker is positioned in a region of low recombination; therefore, it was not possible to determine exactly if the gene is situated within the QTL. That means that TaR-PL3-A3 cannot be excluded as a candidate resistance gene.
A high degree of conservation was found within the RPL3-family with similarities among homoeologous genes that are slightly higher than reported from studies with other genes from wheat: similarity among the RPL3 homoeologs lies between 97.3 and 98.7%, while cDNA sequences of the Waxy granule-bound starch synthase homoeologs are about 96% similar (Murai et al. 1999) , that of the wknox1 (orthologs of the KNOTTED1 homeobox protein from maize) about 95% (Takumi et al. 2000) , and PDI (protein disulWde isomerase) homoeologous genes show 96-97.5% identity (CiaY et al. 2005) .
Since no diVerences were detected in the amino acid sequences, ribosomal resistance observed in cultivar 'Frontana' (Miller and Ewen 1997 ) must be based on other mechanisms than the presence of cultivar-speciWc resistance conferring alleles of RPL3. Mutations in other ribosomal proteins, methylation of rRNA or more complicated regulatory mechanisms are conceivable. In an analysis of the 80S ribosomal proteins from Arabidopsis thaliana by 2-DE gel electrophoresis, 45% of the detected proteins showed more than two distinct protein spots indicating that plant ribosomal proteins are frequently modiWed, as it was previously shown for ribosomal proteins of other organisms (Giavalisco et al. 2005) . Changes in posttranslational modiWcations might also constitute alterations of toxin target sites.
TaRPL3A-2 was found to be alternatively spliced: the splice variant shows a shift in the reading frame encoding a protein that is bigger than the other RPL3 genes, and it seems unlikely that it codes for a functional protein. In Arabidopsis a pseudogene RPL3C with an incomplete open reading frame was described (Barakat et al. 2001) . A regulatory role of a truncated mRNA building a special secondary structure, binding to RPL3 and thereby regulating its translation was suggested by Di and Tumer (2005) . Additionally, episomal expression of the N-terminal 100 amino acids of Rpl3p (L3 ) in yeast increased programmed -1 ribosomal frameshifting (Peltz et al. 1999) leading to rapid loss of the yeast killer virus, but more importantly to alteration in translational Wdelity. Expression of the same L3 fragment in tobacco was reported to lead to increased resistance against DON (Di and Tumer 2005) . The underlying mechanism is not known yet but a regulatory role of a special mRNA structure, binding to the L3 protein was suggested. Further research is necessary to explore a possible similar role of the TaR-PL3-A2 splice variant. One possible role of RPL3 in DON resistance could be based on diVerent intrinsic toxin resistance properties of RPL3 isoforms. The relative ratio of RPL3 isoforms might diVer in single cultivars leading to changes in toxin resistance levels. If such diVerences in toxin resistance properties of RPL3 isoforms exist, transcript levels (that might diVer among cultivars due to changes in promoter regions) may be relevant. Such a model would still allow a role for RPL3 in FHB resistance despite the lack of cultivar speciWc amino acid sequence deviations in RPL3. Experimental testing of this hypothesis will be a challenge for future research. Heterologous expression of wheat cDNAs in yeast may allow the resistance properties of individual gene products to be tested (in the context of the yeast ribosome). The testing of the expression levels under diVerent conditions, e.g., by RT PCR will be diYcult, since completely gene-speciWc primers in the 3Ј-UTR will be extremely diYcult to generate. A microarray experiment studying the Fusarium graminearum-barley interaction has been performed (Boddu et al. 2006 ). Yet, the probes on the barley chip cover only RPL3-B. Owing to the high sequence similarity we expect that it will not be possible to distinguish between the diVerent wheat genes in microarray experiments. A previous study by Mitterbauer et al. (2004) indicates that posttranslational processes such as diVerential ribosome assembly or diVerences in protein turnover may aVect the incorporation of allelic variants of Rpl3p into ribosomes, and that the presence of the toxin can aVect this process. Genetic engineering of the RPL3 genes may sound simple but could be extremely diYcult due to the competition with the endogenous RPL3 gene products, and could lead to unwanted phenotypes and inadequate agronomic traits. Exploitation of natural resistance sources within breeding programs seems to be a more promising strategy. However, the demonstration of cultivar-speciWc ribosomal resistance to trichothecenes, the elucidation of its mechanisms, and the role of RPL3 remains a question for further research.
